Natural attenuation of the environmental contaminant perchlorate is a cost-effective alternative to current removal methods. The success of natural perchlorate remediation is dependent on the presence and activity of dissimilatory (per)chlorate-reducing bacteria (DPRB) within a target site. To detect DPRB in the environment, two degenerate primer sets targeting the chlorite dismutase (cld) gene were developed and optimized. A nested PCR approach was used in conjunction with these primer sets to increase the sensitivity of the molecular detection method. Screening of environmental samples indicated that all products amplified by this method were cld gene sequences. These sequences were obtained from pristine sites as well as contaminated sites from which DPRB were isolated. More than one cld phylotype was also identified from some samples, indicating the presence of more than one DPRB strain at those sites. The use of these primer sets represents a direct and sensitive molecular method for the qualitative detection of (per)chlorate-reducing bacteria in the environment, thus offering another tool for monitoring natural attenuation. Sequences of cld genes isolated in the course of this project were also generated from various DPRB and provided the first opportunity for a phylogenetic treatment of this metabolic gene. Comparisons of the cld and 16S ribosomal DNA (rDNA) gene trees indicated that the cld gene does not track 16S rDNA phylogeny, further implicating the possible role of horizontal transfer in the evolution of (per)chlorate respiration.
Widespread perchlorate contamination in the United States, especially throughout the southwest, is a direct effect of unregulated ammonium perchlorate disposal practices from 1950 to 1997 (22) . While the debate continues over the final maximum concentration limit to be set for perchlorate, the Environmental Protection Agency (EPA), the Department of Defense, the Department of Energy, and the National Aeronautics and Space Industry have asked the National Science Association to review the EPA 2002 Draft Health Assessment on Perchlorate (29) . Regardless of this debate, the neurodevelopmental toxicity of perchlorate has been established (29) , and methods of perchlorate removal are actively being pursued, with bioremediation technologies emerging as a costeffective and less-invasive alternative to physical or chemical practices (28) .
Within the last 7 years, more than 40 different strains of dissimilatory (per)chlorate-reducing bacteria (DPRB) have been isolated from a diverse range of environments (5, 6, 13, 16, 18, 23, 31) . Because of the metabolic capability and ubiquity of DPRB (6) , natural attenuation of perchlorate is garnering more and more interest. While studies by various groups have shown the ability of microbes to remediate perchlorate under environmental conditions (10, 13, 27) , a quick, reliable method for detecting DPRB is needed to determine the natural attenuation candidacy of a contaminated site as well as for monitoring active degradation.
Traditionally, contaminant site evaluation for the presence of DPRB is done by enumeration and isolation. However, it is well known that cultivation techniques are time consuming and often prove unsuccessful in isolating the target bacteria due to both media selectivity and organism culturability (7, 11) . To alleviate the limitations of cultivation-based methods, molecular techniques using the 16S rRNA gene have been employed to examine bacterial diversity in the environment (2, 20) , and numerous primer sets have been developed for the 16S rRNA gene that target specific groups of bacteria. However, based on the phylogenetic diversity of DPRB and their close phylogenetic relationships to non-(per)chlorate-reducing relatives, detection of DPRB using 16S ribosomal DNA (rDNA) primers is problematic (1) . A more inclusive approach would be to target a gene essential to the metabolic pathway. A primer set for a metabolic gene not only would be of value for the detection of DPRB in the environment but could be used in RNA-based studies to assess functional activity in situ. Metabolic primer sets have been applied to a variety of bioremediative studies for the detection of specific bacteria. For example, since many denitrifiers are able to degrade toluene and xylene, Braker and colleagues developed primer sets targeting two nitrate reductase genes that allowed for the qualitative detection of denitrifiers in the environment (4). And while primers for the catechol 2,3-dioxygenase were used to detect bacteria capable of aerobically degrading benzene, toluene, and xylene, they were also used in quantitative PCR to show an increase in gene copy number after soil samples were amended with petroleum (17) .
An ideal target for the environmental detection of DPRB is the chlorite dismutase gene, cld. This is based on previous studies indicating that chlorite dismutation is essential to the (per)chlorate reduction pathway (5, 6, 30) . To date, no other enzyme has been isolated that is capable of converting chlorite to oxygen and chloride ions. Hybridization analysis using a chlorite dismutase immunoprobe indicated that all DPRB tested possess the chlorite dismutase enzyme, and the chlorite dismutase antibody did not bind to close non-(per)chloratereducing relatives (19) . Similarly, a DNA probe targeting the cld gene only hybridized to genomic DNA (gDNA) from DPRB and the non-(per)chlorate reducer Magnetospirillum magnetotacticum. The probe did not hybridize to any other close phylogenetic relatives incapable of (per)chlorate reduction (3) . [The M. magnetotacticum anomaly was explained by subsequent genome analysis which indicated the presence of the cld gene in the M. magnetotacticum genome (3) but the absence of the (per)chlorate reductase genes, thus rendering this organism incapable of reducing (per)chlorate.] These studies suggest that the chlorite dismutase gene is unique to and required by all DPRB. Thus, a metabolic primer set targeting this gene would be useful for molecular detection of DPRB in the environment. However, the efficacy of this metabolic primer set is dependent upon regions of sequence conservation within the cld gene, information which is currently unavailable due to the paucity of cld gene sequences in the database. Sequence analysis of the cld gene would also allow phylogenetic inferences to be drawn, providing data to support or refute the hypothesis that (per)chlorate metabolism is horizontally transferred. Here we report the development of cld primer sets for the environmental detection of (per)chloratereducing bacteria as well as the first phylogenetic analysis of the cld gene.
MATERIALS AND METHODS
Bacterial strains, environmental samples, and DNA extraction. The bacterial strains and environmental samples used in this study are listed in Table 1 .
Genomic DNA from pure cultures was extracted by using the PUREGENE DNA isolation kit (Gentra Systems Inc., Minneapolis, Minn.). DNA was extracted from environmental samples by using the Fast DNA Spin kit for soil (Qbiogene, Carlsbad, Calif.). DNA for PCR from the Los Alamos well mostprobable-number samples was obtained by harvesting the cell pellet from 1.5 ml of culture, adding 40 l of sterile H 2 0 and 5 l of chloroform, and lysing the cells by heating them at 95°C for 10 min.
PCR primers and reaction conditions. Primer sets targeting the chlorite dismutase gene were designed based on areas of amino acid and nucleotide sequence conservation. These areas of conservation were visualized by manual sequence alignment using the Se-Al To optimize PCR conditions, annealing temperatures ranging from 42 to 55°C, MgCl 2 concentrations ranging from 1.0 to 3.0 mM, primer amounts ranging from 15 to 60 pmol, and PCR additives, such as 0.25 mg of bovine serum albumin (BSA)/ml, 5% (vol/vol) dimethyl sulfoxide, and 1 M betaine, were tested. PCRs were performed in a Perkin-Elmer 2400 thermocycler (Applied Biosystems, Foster City, Calif.). All reaction mixtures consisted of 1ϫ Mg-free buffer, 1.0 to 3.0 mM MgCl 2 , 200 M (each) deoxynucleoside triphosphates, 2.5 U of Taq polymerase (Sigma, St. Louis, Mo.), 1 l of gDNA or environmental DNA, and nuclease-free double-distilled H 2 0 to a final volume of 50 l. All components were purchased from Promega (Madison, Wis.) except for the polymerase. The following PCR conditions produced amplicons of the desired size using the DCD-F/DCD-R primer set: 44°C annealing temperature, 60 pmol (each) primer, 1.5 mM MgCl 2 , and 0.25 mg of BSA/ml. Optimal PCR conditions for the UCD-238F/UCD-646R primer set were 50°C annealing temperature, 40 pmol (each) primer, 1.5 mM MgCl 2 , and 0.25 mg of BSA/ml. Normal cycling parameters were as follows: reactions were initially heated to 94°C for 2 min, followed by 30 cycles of 94°C (1 min), annealing temperature (1 min), 72°C (1 min), with a final 10-min 72°C extension period. For touchdown cycling, the parameters consisted of a denaturation step at 94°C for 1 min, a primer-annealing step for 1 min, and an extension step at 72°C for 1 min. After 38 cycles, a final 10-min incubation was performed at 72°C. During the first 18 cycles, the annealing temperature was decreased by 1.0°C every two cycles, starting at 59°C, until reaching a touchdown temperature of 50°C. To verify the integrity of the amplification, both positive and negative (no template DNA) reactions were included. PCR results were checked using agarose gel electrophoresis on a 2% agarose gel containing 1ϫ Tris-acetate-EDTA buffer. Cloning and sequencing of PCR products. PCR products of the appropriate size were gel extracted and subjected to the Geneclean Spin kit (Qbiogene) for subsequent analysis. Products from gel purification were directly cloned into the pCR 2.1 TOPO vector (Invitrogen, Carlsbad, Calif.). The inserts were sequenced with vector primers, using a ThermoSequenase cycle sequencing kit (U.S. Biochemicals, Cleveland, Ohio) and [␣- 35 S]dATP as the label. Sequencing reactions were analyzed by electrophoresis through a 6% polyacrylamide-bisacrylamide gel.
Chlorite dismutase nucleotide sequences were manually entered using the MacVector 7.0 computer program (Oxford Molecular Group) and then transferred to Se-Al (21) for alignment. For 16S rDNA analysis, gene sequences were obtained from GenBank and 1,424 bases were aligned in the Seq-App computer program (8) . Phylogenetic trees based on these alignments were constructed by using the PAUP‫ء‬ software package (beta version 4.0) (26) . Unrooted trees for the chlorite dismutase gene and the 16S rDNA gene were constructed by using the absolute-number-of-differences parameter within the distance criterion. This parameter was chosen based on the closely related protein coding sequence of the cld gene (25) . However, separate analyses using the Kimura 2 parameter to correct for evolutionary distances as well protein alignments were also performed for comparison. Gaps were removed from the 16S rDNA data set. Trees were drawn using neighbor joining, and 100 replicates were performed in bootstrap analysis.
GenBank sequence accession numbers. Chlorite dismutase sequences generated from this study have been deposited in the GenBank database under the accession numbers AY540957 to AY540971. Chlorite dismutase gene sequences from the following strains were used in primer development: D. agitata (accession number AY124796), I. dechloratans (AJ296007), and M. magnetotacticum (ZP_00053098). 16S rDNA sequences from the following strains were used for phylogenetic tree construction: at the 5Ј end, while the 3Ј end of the cld gene appeared more conserved (Fig. 1 ). This observation was expected based on previous hybridization analysis of several DPRB gDNAs using the D. agitata cld gene probe (3) . From the four aligned sequences, two areas of amino acid conservation were chosen, and PCR primers targeting all corresponding codons were developed (Fig. 1) . Due to the limited alignment file, primer DCD-F contained 9 degenerate sites out of 27 nucleotide positions, while DCD-R contained 6 degenerate sites out of 20 nucleotide positions. This primer set was tested on five other DPRB for accuracy and ability to amplify the cld gene. While a band at 484 bp resulted with all DPRB tested, an abundance of spurious by-products were also observed (Fig. 2) . When the gDNA template was diluted, no increase in specificity occurred with the DCD-F/DCD-R primer set (data not shown); thus, the spurious by-products were most likely caused by the extreme degeneracy of the DCD-F/DCD-R primer set. Based on this lack of specificity of the DCD-F/DCD-R primer set, no negative control strains were tested using this primer set.
To increase the number of cld sequences represented in the alignment file and potentially reduce primer degeneracy, the 484-bp amplification product was excised from the gel, purified, cloned, and sequenced from DPRB Pseudomonas sp. strain PK, D. suillum, "D. chlorophilus," "D. anomalous," and Dechloromonas sp. strain LT1. These cld sequences, excluding priming sites, were added to the alignment file, and two areas of nucleotide conservation were targeted for primer design (Fig. 1) . Primer UCD-238F contained 6 degeneracies out of 22 bases, while primer UCD-646R contained 5 degeneracies out of 20 bases. A 408-bp product was visible in all DPRB gDNAs tested with little background amplification (Fig. 3) . No amplification occurred in non-(per)chlorate-reducing strains, including Rhodocyclus tenuis and Pseudomonas stutzeri, both close phylogenetic relatives of DPRB strains but unable to reduce (per)chlorate. However, this primer set was unsuccessful in amplifying cld gene sequences from environmental samples known to contain DPRB (data not shown). This may be explained by a lower concentration of target DNA in the environmental sample versus gDNA from pure cultures, as well as interference by nontarget DNA likely present in the environmental samples. Since specific products were obtained via PCR amplification using 16S rDNA primers on the environmental DNAs (data not shown), it is unlikely that PCR inhibitors affected the detection process. on October 30, 2017 by guest http://aem.asm.org/ technique using the DCD-F/DCD-R primer set in an initial PCR, followed by a second amplification using the internal UCD-238F/UCD-646R primer set. Touchdown PCR cycling parameters were used to reduce the number of nontarget amplicons in the first PCR. Reaction products from the first amplification were diluted 1:10 and used as templates for the second round of amplification with the UCD-238F/UCD-646R primer set. Results from the nested procedure indicated that this technique was successful in amplifying cld sequences from Pseudomonas sp. strain PK and Los Alamos well samples as positive controls and from certain experimental environmental samples (Fig. 4) . While spurious reaction products were observed from most samples in the first round of amplification, a second-round product of 408 bp was clearly visible in several of the environmental samples, including the Southern Illinois University campus library pond, the pristine Lake Fryxell sediment and Lake Hoare 12-m water column, the diesel-contaminated Vida, and all five samples obtained from a perchloratecontaminated site in Los Alamos, N.M. (Fig. 4) known to contain DPRB. While no products of the appropriate size were evident in the first-round reaction for the Los Alamos-well 3 and Vida samples, an intense signal was present following the nested reaction. This result indicates that a low concentration of product was present in the first-round reaction, likely caused by a lower concentration of target DNA in these two samples. Thus, the nested procedure increases the sensitivity of this detection method. Sequence analysis of the products. Sequence analysis of the nested amplification products from Los Alamos-well 3, Los Alamos-well 4, Lake Fryxell sediment, Lake Hoare 12-m water column, and Vida samples indicated that all of the products were indeed cld gene sequences. While the Los Alamos well 3 clone was identical to the "D. aromatica" cld sequence, the Los Alamos well 4, Lake Fryxell sediment, Lake Hoare 12-m water column, and Vida clones were all most similar (amino acid similarity, 98.4 to 81.3%) to sequences from "D. anomalous" and strain DB ( Table 2 ). The presence of cld sequences in the Antarctic samples was expected due to previously obtained DPRB isolates from these sites (data not shown). Sequence analysis indicated that more than one phylotype was present in samples collected from Vida, the Lake Hoare 12-m water column, and the Lake Fryxell sediment. Although these differences were only one or two nucleotides, the predicted protein products reflected these changes ( Table 2) . The observation of different cld gene sequences from the same environmental sample indicates the presence of more than one DPRB strain, and as such, denaturing gradient gel electrophoresis may be a useful tool in determining the number of and prevalent phylotypes in a given sample (12) . Since denaturing gradient gel electrophoresis could also be used to address the effect of ecological changes on the diversity of cld sequences present, the nested cld primer sets could be used to analyze and monitor DPRB populations in the environment.
Aside from the biases of PCR, this detection method is more inclusive than 16S rDNA primer sets, which can detect only a few genera of DPRB. However, a limitation of these primer sets is that only cld genes with sequences similar to those of the priming sites will be detected. This detection method would overlook extremely diverse sequences due to primer development from what is believed to be a minimum sampling of cld genes. Because the primer sets can detect cld genes in a DNA sample, the nested PCR approach does not require that the cells be actively reducing (per)chlorate and, as such, is useful for assessing the (per)chlorate-reducing potential of an environment. Although DNA:DNA hybridization studies have also be used to detect the cld gene (3), this approach requires more target DNA than a PCR-based approach, and hybridization signals could be affected by interference from environmental constituents.
Because this detection method targets a single gene in the Achenbach, unpublished data), should eliminate these false positives from further consideration. While the nested PCR approach is efficient at detecting cld genes in the environment, traditional PCR cannot be used to determine the relative abundance or activity of DPRB in a given site. Based on the lack of perchlorate in most environments and the ability of DPRB to use alternate metabolisms, there is some question that the organisms detected using these primers are actively reducing perchlorate. For these analyses, the cld primer sets could be used in quantitative and reverse transcription-PCR. These strategies could also be used to monitor the sustainability of natural attenuation over long periods of time. Smets and colleagues observed that biodegradation of chlorinated solvents decreased over a 2-month period due to physiological changes of the bacteria in response to the environment (24) . Thus, the cld primer sets could be used in an RNA approach to assess the long-term attenuation potential of a bacterial community. Quantitative PCR using this primer set could also determine if an increase in catabolic gene copy number occurs after a growth amendment is exogenously supplied. An increase in gene copy number would imply that the perchloratereducing potential of the site had been enhanced and that stimulation of these bacteria may lead to the natural attenuation of perchlorate. Thus, quantitative PCR using a metabolic primer set could aid in monitoring the effectiveness of a bioremediative strategy. Phylogeny of the cld gene. From the development of the degenerate cld primer set, the first library of cld gene sequences was generated. Included in this library were cld sequences from strains DB and CR, two perchlorate-reducing strains isolated during the cld primer development. Both strains originated from perchlorate-contaminated sites in Los Alamos, N.M. (J. Coates, unpublished data). From the 16S rDNA sequence, strain DB was designated a Dechlorospirillum species within the Rhodospirillaceae of the ␣-Proteobacteria, and strain CR was designated a member of the Rhodocyclus assemblage within the ␤-Proteobacteria.
To determine if the cld gene phylogeny tracked that of the 16S rDNA gene and to possibly gain some insight into the evolution of (per)chlorate reduction, unrooted phylogenetic trees were compared. Comparison of the cld and 16S rDNA gene trees resulted in incongruent topologies (Fig. 5) . While M. magnetotacticum, "D. anomalous," and Dechlorospirillum strain DB, all members of the ␣-Proteobacteria, form a distinct cluster on both trees, the cld gene sequences from "D. (Fig. 5) . These incongruent tree topologies suggest a role for horizontal gene transfer in the evolution of the (per)chlorate reduction pathway. This conclusion is based on previous studies regarding incongruent tree topologies and the occurrence of gene conservation among diverse hosts as evidence of horizontal transfer (9, 14, 15 (Fig. 1) , it is doubtful that the tree topology is incorrect. Trees constructed utilizing the Kimura 2 parameter and those constructed from amino acid alignments for the cld gene product resulted in similar topologies (data not shown). The incongruent tree topologies could alternatively be explained by a series of gene duplication and deletion events. However, in this case, the resulting cld gene sequences would still be expected to be similar to those of close phylogenetic relatives. Thus, both the cld gene sequence diversity and metabolic diversity of DPRB may be a direct result of horizontal transfer. Since DPRB can grow by alternate metabolisms, the cld gene may not be subject to intense selective pressure. As such, mutation may occur until the gene sequence becomes functional with respect to the codon usage and regulation of the host. However, more extensive data are needed on the codon biases and GϩC content of housekeeping genes in other DPRB isolates before further conclusions can be drawn. While one can only speculate on the possible mechanism of transfer, a transposase gene was identified directly upstream of the cld gene in Pseudomonas sp. strain PK (data not shown). Other genes involved in the perchlorate reduction pathway were also identified in the direct proximity of the cld gene in D. agitata and "D. aromatica," indicating that this metabolism may have been conferred through the action of a mobile genetic element. While phylogenetic comparisons of the cld gene and the 16S rDNA gene indicate that horizontal transfer is involved in the evolution of (per)chlorate metabolism, an interesting question still remains regarding the progenitor of (per)chlorate reduction and the selective advantage for retaining this metabolic machinery given that (per)chlorate has been widespread in the environment only in the last 50 years and that many DPRB are found in pristine areas.
